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[Title of the Invention] METHOD FOR PRODUCING CARBON 
NANOTUBES 
[Abstract] 

[Problem] The present invention is intended to provide a 
5 method for producing carbon nanotubes, the method allowing 
control of the diameter of carbon nanotubes, and increase 
in the yield at a relatively low generation temperature. 
[Means for Solving the Problem] The present invention 
includes steps of feeding ultrafine catalyst particles from 
10 a catalyst heating device utilizing resistive heating, and 
irradiating a target 2 containing carbon with laser light 
thereby ablating the target. 
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[Scope of Claims] 

[Claim 1] A method for producing carbon nanotubes 
comprising steps of feeding ultrafine catalyst particles 
from a catalyst heating device utilizing resistive heating, 
and irradiating a target containing carbon with laser light 
thereby ablating the target. 

[Claim 2] ^The method for producing carbon nanotubes 
according to Claim 1, wherein the catalyst heating device 
is a heating resistor including a metal catalyst. 

[Claim 3] The method for producing carbon nanotubes 
according to Claim 2, wherein the metal catalyst is an 
elemental metal. 

[Claim 4] The method for producing carbon nanotubes 
according to Claim 3, wherein the metal catalyst includes 
two or more elemental metals. 

[CI aim 5] The method for producing carbon nanotubes 
according to Claim 2, wherein the metal catalyst is an 
alloy including two or more metals. 
[Detailed Description of the Invention] 
[0001] 

[Technical Field] The present invention relates to methods 

for producing carbon nanotubes and a compos ite 

nanos true ture containing carbon nanotubes, and also relates 

to the nanos true ture . Specifically, the nanos true ture of 

the present invention is useful, for example , as electron 

sources and nanodevices used in the electronics field. 

[0002] 
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[Prior Art] Carbon nanotubes are fullerenes composed of 
one to several tens of layers of graphite rolled up into 
cylinders. Carbon nanotubes are new carbon materials 
discovered by Sumio Iijima, NEC, in 1991 (Nature 354 (1991) 
5 56) . 

[0003] Carbon nanotubes are thermally and chemically 
stable, and their mechanical strength is higher than that 
of commercially available carbon fibers by three orders of 
magnitude. Nanotubes can be conductive or semiconduc t i ve 
10 depending on the helical structure of graphite. Therefore, 
they are expected to be used in, for example, electronic 
devices composed of concentric cylindrical metal tubes and 
semiconductor tubes. 

[0004] By a former method including direct current arc 
15 discharge between carbon electrodes in an atmosphere of 1.3 
x 10 4 Pa (100 Torr) of argon, carbon nanotubes were 
produced with low efficiency. Thereafter, T. W. Ebbesen et 
al. found the arc discharge conditions for producing carbon 
nanotubes in large quantity. More specifically, an arc of 
20 about 18 V and 100 A is discharged between a carbon anode 
having a diameter of 9 mm and a carbon cathode having a 
diameter of 6 mm opposed to each other at a distance of 1 
mm. They reported that the yield of carbon nanotubes with 
respect to the reaction product reached 75% when the 
25 pressure of the helium atmosphere was 6.7 x 10 4 Pa (500 
Torr) . 

[0005] Recently, R. Smalley et al . conducted laser 
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ablation in a quartz tube inserted into an electric furnace 
using a carbon target containing a Co-Ni alloy (Co:Ni = 
0.6:0.6 atomic*) as catalyst metal. They reported that 
rope-like single wall tubes were generated with high 
efficiency by the laser ablation method (Chemical Physics 
Letters 243 (1995) 49) . 

[0006] Japanese Unexamined Patent Application Publication 
No. 10-273308 discloses a laser ablation method which 
allows the control of the diameter of carbon nanotubes, 
which cannot be controlled by the laser ablation method by 
R. Smalley et al . According to the method, the diameter of 
carbon nanotubes can be controlled by changing the ambient 
temperature for the carbon rods in the unirradiated areas 
or the kind of the metal catalyst contained in the carbon 
rods based on the correlation between the diameter of 
carbon nanotubes and the ambient temperature or the type of 
metal catalyst. 
[0007] 

[Problems to be Solved by the Invention] In the above- 
described arc discharge, large currents are passed through 
the carbon electrodes to heat the carbon rods to high 
temperatures. The small amount of catalyst metal embedded 
in the carbon rods is evaporated first because it has a 
higher vapor pressure than carbon, which makes it difficult 
to achieve a sufficient carbon nanotube yield with good 
reproducibility. In addition, the carbon rods are 
evaporated at each discharge run, which results in the 
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increase of the distance between the carbon rods. Unless 
the distance is maintained as constant, the growth of 
carbon nanotubes is affected. In addition, a substrate 
such as Si cannot be attached to the hot carbon rods, so 
5 that carbon nanotubes cannot be grown thereon. 

[0008] In the above - des cr ibed two laser ablation methods, 
the synthesis of carbon nanotubes is difficult unless a 
carbon target containing a small amount of metal catalyst 
is prepared. In addition, the portion of the quartz tube 
10 inserted into the electric furnace must have a temperature 
of about 1000°C to 1300°C. 

[0009] These methods are advantageous in increasing the 
yield of carbon nanotubes by utilizing the large space in 
the electric furnace into which the quartz tube is inserted, 

15 but provide poor controllability on the diameter and the 

amount of ultrafine metal particles. When a carbon target 
containing a small amount of metal catalyst is irradiated 
with laser light, fine metal particles are generated in 
plumes, but the metal remains during ablation and causes 

20 the constitution of the surface to lose uniformity. This 
tends to destabilize the uniformity of the diameter of 
ultrafine particles and the yield of the particles. The 
diameter of carbon nanotubes can be controlled by changing 
the kind of metal catalyst contained in the carbon target, 

25 but the controllability on the diameter is unstable. The 
term plumes refers to light emitters generated by ablation 
and excitation of molecules, atoms, or the like in the 
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target material to a plasma state. 

[0010] The present invention is intended to provide a 
method for producing carbon nanotubes which solves the 
problems of the prior art and allows the control of the 
5 diameter of carbon nanotubes and the increase of the yield 
at a relatively low generation temperature. 

[0011] 

[Means for Solving the Problem] The present invention has 
been made to achieve the above objects, and includes the 

10 following configuration. 

[0012] More specifically, a method for producing carbon 
nanotubes by laser ablation according to the present 
invention includes steps of feeding ultrafine catalyst 
particles from a catalyst heating device utilizing 

15 resistive heating, and irradiating a target containing 
carbon with laser light thereby ablating the target. 
[0013] The method of the present invention for producing 
carbon nanotubes is further characterized in that "the 
catalyst heating device is a heating resistor containing a 

20 metal catalyst'', "the metal catalyst is an elemental metal", 
"the metal catalyst is composed of two or more elemental 
metals", and "the metal catalyst is an alloy composed of 
two or more metals". 

[0014] As described above, according to the laser ablation 
25 method of prior art using a target containing a small 

amount of metal catalyst, the yield of the ultrafine metal 
catalyst particles is unstable, which results in poor 
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controllability on the diameter and amount of the ultrafine 
metal particles. On the other hand, according to the 
present invention, the amount and diameter of fine 
particles can be controlled through the use of a system 
5 wherein a metal catalyst is heated by a catalyst heating 
device utilizing resistive heating, and ultrafine catalyst 
particles are fed into plumes generated from the carbon 
target irradiated with laser light. 
[0015] 

10 [Description of the Embodiments] In the catalyst heating 

device utilizing resistive heating according to the present 
invention, a catalyst is evaporated from a heating resistor 
or a heated body utilizing resistive heating, and condensed 
into ultrafine particles. The phenomenon is used to 

15 control the diameter and the yield of the condensed 

ultrafine particles. The heating resistive element and 
heated body refer to, for example, a filament containing a 
metal catalyst, and a metal catalyst placed in a crucible 
wrapped with a heating resistor, respectively. 

20 [0016] According to the present invention, as described 
above, feeding of ultrafine catalyst particles from the 
catalyst heating device utilizing resistive heating and 
laser ablation of the carbon target are conducted in 
separate systems. This allows the production of nanotubes 

25 using a pure carbon target. Plumes are reported to 

instantly reach to thousands kelvins. However, when the 
catalyst heating device and the carbon target are in 
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appropriate positional relationship such that the plumes 
are locally heated by resistive heating with the catalyst 
heating device to suspend the ultrafine metal particles in 
the locally heated plumes, carbon nanotubes are readily 
generated from the ultrafine particles. This allows the 
generation of carbon nanotubes even when the temperature of 
the substrate or plumes is 1200°C or lower, and eliminates 
the need for heating the substrate or the target to high 
temperatures . 

[0017] As an example of the present invention, plumes may 
be generated in the space between two metal catalyst 
filaments (for example, Fe, Co, or Ni) connected in 
parallel in a heating resistor. Fig. 1 shows a schematic 
view of an apparatus using the method of the present 
invention for producing carbon nanotubes. 
[0018] The apparatus shown in Fig. 1 is composed of a 
reaction vessel 1 and an external optical system composed 
of a YAG laser 12, a mirror 11, and a condenser lens 10. 
The laser wavelength is 532 nm, which is the second 
harmonic of YAG. The laser light is injected from a quartz 
window 9 placed at the top right corner of Fig. 1, and 
radiated over a carbon target 2 in a t r ip 1 e - wa 1 1 ed lower 
radiation plate 3 disposed in the reaction vessel 1. A 
resistive heating device is disposed in the radiation plate 
3 to selectively heat the periphery of plumes to a high 
temperature. The resistive heating device is, as shown in 
Fig. 1, composed of two metal catalyst filaments 4 
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connected in parallel via two electrodes 8. The electrodes 
8 and the radiation plate 3 are electrically isolated by 
the electrical insulator 5. 

[0019] A substrate 6 is mounted on a substrate holder 7. 
5 During the plumes are heated to the intended temperature, 
the substrate 6 can be also heated to be fouled with the 
ultrafine metal catalyst particles generated from the metal 
catalyst filaments 4. On this account, a shutter 13 is 
provided between the substrate holder 7 and the metal 

10 catalyst filaments 4 to prevent the substrate 6 from being 
heated and fouled with the ultrafine metal catalyst 
particles generated from the metal catalyst filament 4. 
[0020] The target 2 is disposed directly below the metal 
catalyst filaments 4 such that the ultrafine metal catalyst 

15 particles generated by resistive heating of the two metal 
catalyst filaments 4 enter into the plumes generated from 
the target 2. 

[0021] As described above, different from the physical 
production method of prior art using a carbon target 

20 containing a small amount of metal catalyst, the method of 
the present invention for producing ultrafine particles 
utilizes resistive heating thereby controlling the amount 
and the diameter of ultrafine particles, which allows the 
control of the yield and diameter of carbon nanotubes. 

25 [0022] Examples of the method for producing carbon 

nanotubes by simultaneously conducting laser ablation and 
preparation of ultrafine metal catalyst particles through 
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resistive heating include methods using metal catalyst 
filaments or a crucible with a heating resistor. 
[0023] Examples of the method for generating nanotubes 
from an elemental metal catalyst using metal catalyst 
filaments include a method using two metal catalyst 
filaments composed of the same kind of metal, wherein the 
metal is evaporated concurrently with heating of the plumes. 
In another method, the ultrafine metal particles are 
suspended concurrently with heating of the plumes by the 
metal catalyst wire wound into coils. 

10024] The two filaments may be composed of two different 
metal catalysts, or an alloy composed of two or more metals 

(for example, an Fe-Co, Fe-Ni, or Co-Ni alloy) . When a 
coiled heating resistor as described above is used, it may 
be composed of different kinds of metal wires entangled 
with each other to form coils. 

[0025] The crucible with a heating resistor is a device 
for producing ultrafine particles, wherein a tungsten wire 
having a high melting point is wound around the crucible, 
and a metal catalyst placed in the crucible is melted by 
resistive heating thereby condensing the metal catalyst to 
produce ultrafine particles. 

[0026] As described above, in the present invention, the 
diameter of ultrafine metal catalyst particles can be 
controlled and ultrafine alloy particles can be prepared by 
changing the kind of the metal catalyst contained in the 
heating resistor (for example, a filament containing a 
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metal catalyst) or a heated body (for example, a metal 
catalyst placed in a crucible wrapped with a heating 
resistor), or changing heating conditions in place of 
changing the catalyst content in the target. 
5 [0027] 

[Examples] The examples of the present invention are 
described below, but the present invention is not limited 
to these examples. 

[0028] (Example 1) Carbon nanotubes were produced using 
10 the apparatus schematically shown in Fig. 1. The laser had 
a wavelength of 532 nm, a pulse frequency of 10 Hz, and an 
energy of 500 mJ/pulse. The density of the laser energy 
was controlled by changing the focal distance of the 
condenser lens thereby changing the ablation area. The 
15 plume temperature was adjusted to 600°C to 1000°C. The 
substrate was an Si wafer or a TEM grid. The distance 
between the target and the substrate was fixed at 55 mm. 
The atmosphere was helium gas at 6.7 x 10* Pa. The target 
was a pure carbon target having a diameter of 10 mm and a 
20 height of 7 mm. 

[0029] Firstly, the production of carbon nanotubes using 
catalyst filaments composed of elemental Co and Ni metals 
is described. 

[0030] Laser ablation was conducted in a helium gas at 6.7 
25 x 10 4 Pa, and at a plume temperature of 600°C to 1000°C, and 
an energy density of 2.7 J/cm 2 . The ablation time was 20 
seconds . 
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[0031] Fig. 2 shows a schematic view of a composite 
nanos true ture containing carbon nanotubes generated using 
elemental metal catalyst filaments. In Fig. 2, the 
reference numerals 21 and 22 denote carbon nanotubes and 
amorphous carbon, respectively. 

10032] The result of S EM observation indicates that the 
nanotubes generated from the catalyst composed of elemental 
Co and Ni metals are composed of several tens of tubes 
entangled to form bundles. The diameter of the nanotubes 
was controlled in the range of about 1 nm to about several 
nanometers by increasing the resistive heating output 
thereby increasing the plume temperature to 1000°C. The 
yield increased with the increase in the plume tempera ture . 
[0033] As a comparative example, nanotubes were produced 
by a laser ablation method of prior art using a carbon 
target containing an elemental metal catalyst. The 
conditions for the laser ablation were the same as the 
above - described conditions according to the present 
invention. The yield of nanotubes provided using Co and Ni 
metal catalysts was lower by about thirty percent that 
provided according to the present invention, and the tube 
diameter remained about 1 nm even with the increase in the 
generation, temperature. On the other hand, according to 
the present invention, the diameter was increased up to 
several nanometers by the resistive heating device, which 
indicates that the tube diameter controllability was 
improved to expand the controllable range of the diameter. 
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[0034] (Example 2) The next section describes the 
production of carbon nanotubes using two kinds of metal 
catalyst filaments (Fe-Ni, Co-Ni, and Fe-Co). 

[0035] Laser ablation was conducted under the same 
conditions as Example 1. The ablation time was 20 seconds. 
As a result of the laser ablation under these conditions, 
relatively large amounts of nanotubes were generated when 
Fe-Ni or Co-Ni filaments were used, and the nanotubes were 
composed of dozens of tubes as in the case using the 
elemental metal catalyst. The maximum tube diameters were 
estimated at 1.5 nm and 2 nm for Fe-Ni and Co-Ni 
respectively, and the yields were higher than in Example 1 
by about ten percent. 

[0036] In addition, nanotubes were produced using a target 
containing an alloy catalyst according to the method of 
Comparative Example described in Example 1. The yield was 
higher than that provided in Comparative Example by about 
ten percent. However, the distribution of the nanotube 
diameter was so wide that the intended tube diameter could 
not be selectively achieved. This is likely due to the 
instability of the yield of the ultrafine alloy catalyst 
particles from the target. For example, the nanotube 
diameter obtained using the Co-Ni catalyst at 1000°C ranged 
from 0.7 nm to 1.5 nm. On the other hand, in the present 
invention, as a result of the ablation using Co-Ni 
filaments at 1000°C, nanotubes having a tube diameter of 
about 2 nm were dominantly generated with a narrow 
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distribution of the tube diameter. 

[0037] (Example 3) The next section describes the 
production of carbon nanotubes according to the laser 
ablation method using a crucible with a heating resistor. 
5 [0038] Ablation was conducted with a crucible containing a 
metal catalyst placed obliquely above the carbon target. 
The conditions for the laser ablation were the same as 
Example 1; helium gas was 6.7 x 10 4 Pa, energy density was 
2.7 J/cm 2 , the ablation time was 20 seconds, and the 
10 distance between the target and the substrate was 55 mm. 
Under these conditions, the crucible was heated thereby 
generating ultrafine catalyst particles. 

[0039] For example, when a Co-Ni catalyst was used, the 
nanotube diameter increased from about 1 nm to several 
15 nanometers with the increase in the temperature in the 
crucible, and the yield was at the same level as that 
provided in Example 2 . 
[0040] 

[Advantageous Effect of the Invention] The present 
20 invention provides a method for producing carbon nanotubes 
by simultaneously conducting laser ablation and suspension 
of a metal catalyst through resistive heating. In 
particular, the method allows the control of the diameter 
of carbon nanotubes, and improves the yield of carbon 
25 nanotubes through the control of the evaporation of the 
metal catalyst by changing the heating conditions of the 
resistive heating device. In addition, the diameter of 
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carbon nanotubes can be controlled and the yield of carbon 
nanotubes can be improved by changing the kind of the metal 
catalyst. In comparison with the production of nanotubes 
using a carbon target containing a metal catalyst, the 
method of the present invention improves the yield of tubes 
and expands the controllable range of the tube diameter at 
a relatively low growth temperature. Therefore, the method 
of the present invention is effective for cost reduction. 
[Brief Description of the Drawings] 

[Fig. 1] Fig. 1 is a schematic view of apparatus for 
producing carbon nanotubes including a catalyst heating 
device utilizing resistive heating. 

[Fig. 2] Fig. 2 is a schematic view of carbon nanotubes 
obtained in Example 1. 

[Reference Numerals] 
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